The technique of vibration-induced illusory movement has been used to study the mechanisms of perception and the brain network responsible for eliciting kinesthesia since it was first reported by Goodwin and colleagues in 1972. Vibration applied to the skin surface over the tendon of limb muscles excites primary afferent spindles, and subjects experience movement sensations as if the vibrated muscle were stretched, despite the limb being immobile. In addition, tendon vibration can induce tonic muscle activities in both the vibrated muscle and its antagonistic muscles. It was formerly believed that these motor responses accompanied the kinesthetic illusion of the vibrated limb. However, if subjects relax their limb completely and focus their attention on the movement sensed during vibration, a movement illusion can be elicited without any motor responses. This review focuses on the relationship between the elicitation of vibration-induced kinesthetic illusions and experimental conditions, and may provide insight into differences among studies of kinesthetic illusion.
Introduction
Application of vibration to the skin surface over the tendon of a limb muscle can elicit kinesthetic sensations in the vibrated limb [1] [2] [3] [4] . This sensation is mainly caused by messages from primary spindle afferents 5, 6) , although other proprioceptive sensory information from cutaneous receptors [7] [8] [9] and joint receptors 10) may contribute to the kinesthetic sensation. During tendon vibration, subjects feel movement in the direction that the vibrated muscle is stretched, because the muscle spindles are excited 5) . For example, if vibration is applied to the tendon of the biceps, subjects experience a feeling of elbow extension, despite the limb actually being immobile 1, 2) . Such tendon vibration can also induce tonic vibration reflexes (TVR), in which the vibrated muscle strongly contracts 11) . It is also believed that muscle activity in the antagonists of a vibrated muscle generally occurs when the subject feels a movement illusion 12, 13) , a reaction called antagonist vibratory response (AVR) 14) or inverted TVR 15) . Thus, tendon vibration elicits not only kinesthetic sensations, but also motor responses.
Several researchers examined the relationship between the kinesthetic illusion and motor responses during vibration [12] [13] [14] 16) . Lackner thought that the development of TVR and the reflex state of the spinal cord influence the sensation of limb position 16) . Additionally, Roll et al. reported that if the subject looked at the vibrated limb, reflex activity changed from AVR to TVR, and illusory sensations disappeared 14) . Subsequent studies by this group concluded that AVR is observed only when a kinesthetic illusion is evoked, and correlates with the movement velocity when subjects reproduce the movement illusion with their contralateral non-vibrated limb 12, 13) . These studies assumed that tendon vibration evokes a kinesthetic illusion in association with tonic muscle responses in the vibrated limb.
Contrary to this, we demonstrated that subjects could feel the joint movement of their vibrated limb without TVR or AVR 17) . What, then, is the difference between kinesthetic illusions with or without motor responses? This review focuses on the relationship between the elicitation of vibration-induced kinesthetic illusion and experimental conditions, and may help understand differences in studies using the kinesthetic illusion.
Muscle responses and illusory kinesthetic sensation during tendon vibration
Tendon vibration excites mechanoreceptors and primary spindle endings 11) . Goodwin and colleagues 1, 2) examined, by means of tendon vibration, whether the muscle spindle contributes to the kinesthetic sensation 1, 2) . Tendon vibration at 100 Hz, applied to the right elbow flexors, produced strong involuntary reflex contractions (i.e., TVR) of the vibrated elbow flexors and actual elbow flexion Correspondence: t.kito@juntendo.ac.jp movements. Blindfolded subjects could not accurately match the forearm position (elbow angle) of their vibrated right arm with their non-vibrated left arm. They felt the elbow was more extended than it would have been if the vibrated muscle had been stretched. A similar finding was also reported by Eklund 3) . His subjects were instructed to look at the ceiling or close their eyes. When tendon vibration of the knee extensors produced a strong TVR, subjects misjudged the angle of the knee. These authors concluded that the sensory information from muscle spindles contributes to kinesthetic sensation. This also meant that tendon vibration of limb muscles could elicit illusory kinesthetic sensations during involuntary TVR contractions.
In addition to TVR, tendon vibration may evoke a motor response in the antagonists of vibrated muscles 14, 15) . Calvin-Figuière and colleagues examined the relationship between movement illusion and AVR. Subjects were asked to reproduce the movement and velocity of the illusory movement sensation felt during muscle vibration by drawing with their non-vibrated hand with their eyes closed 12) . When vibration was applied to the left wrist flexors or extensors at frequencies between 30 and 80 Hz, the velocity of the movement sensation increased with increases in the vibration frequency. At the same time, the amount of AVR activity in the wrist extensor correlated with the velocity of the movement sensation during vibration of the wrist flexors. Simultaneous vibration of the two antagonistic muscle groups (i.e., wrist flexors and extensors) at the same frequency evoked neither movement sensation nor notable AVR. The AVR was caused not by afferent information from vibrated muscles, but by the movement sensation. Calvin-Figuière et al. thus suggested that "the AVR might result from a central processing of proprioceptive information, leading to the building up of motor activity congruent with the experimentally induced perception of movement" 12) . It was believed that the movement illusion during vibration was generally associated with motor responses such as TVR 16) and AVR [12] [13] [14] . However, we demonstrated that subjects with their eyes closed could feel vivid movement sensations in their vibrated limb in the absence of TVR and AVR 17) . In this study, vibrations of 80 Hz and approximately 7.0 mm amplitude were applied to the tendon of the wrist flexor muscle (flexor carpi radialis muscle) or extensor muscle (extensor carpi radialis muscle). Subjects were asked to relax their vibrated arm during vibration. In some pilot trials before the experiment, in which subjects did not completely relax their limb, we observed occasional muscle activities (TVR or AVR) during tendon vibration. These subjects were instructed to relax their vibrated arm completely, and pilot trials continued until they had completely relaxed their hands, at which point the vibratory stimuli no longer evoked any reflex movements. Moreover, subjects replicated the movement sensation of their vibrated limb after cessation of vibration. This procedure enabled subjects to focus their attention on the sensation of the vibrated limb alone. Our experimental conditions made it easy for subjects to be aware of illusory sensations, since attention affects reflex activities and perception of the kinesthetic illusion during vibration 15) . Additionally, in bimanual movement, the drive from the dominant to the non-dominant motor cortex prevails 18) . If, during vibration, subjects were asked to simultaneously replicate their perceived movement illusion with their dominant hand, interhemispheric interaction might facilitate the activity of the non-dominant motor cortex and the emergence of AVR in the vibrated non-dominant hand. Consequently, efferent commands may flow from the motor cortex to the target muscles in accordance with the perceived movement.
Development of motor responses and effects of vibration parameters
Vivid movement illusion is believed to occur when about 70-90 Hz vibration is applied to the skin over the tendon 5, 12, 13, 19, 20) , unless the two antagonistic muscle groups are simultaneously vibrated at the same frequency 12) . The frequency of tendon vibration to one muscle did not differ between studies of movement illusion with 12, 13) or without 17) accompanying motor responses. In a series of studies examining whether the muscle spindle contributed to kinesthetic sensation, low-amplitude tendon vibration was used to elicit movement sensations, because the muscle spindle afferents are sensitive to low-amplitude tendon vibration between 0.2 and 1.5 mm 5, 6, 21) . Conversely, Naito and colleagues 17, 19, 20) used relatively high-amplitude tendon vibration between 2.0 and 7.0 mm at frequencies above 70 Hz. Since a smaller amplitude vibration at a constant frequency led to illusory sensation at a lower movement velocity 22) , high-amplitude tendon vibration could more easily elicit vivid movement sensations without any actual movement in the same direction, as illusory sensation is not induced by AVR.
The authors who used high-amplitude tendon vibration on subjects who experienced illusory movement sensations without muscle responses, however, carefully applied vibration with a light pressure on the surface of the skin over the tendon 17, 19, 20) . Eklund applied the vibration to the tendon of the knee extensors, and noted that "in order to elicit a TVR, a vibrator was fastened with strong rubber bands over the patellar ligament, or, if this placement evoked too strong a contraction, just proximal to the patella, which is somewhat less effective in eliciting TVR in the knee extensors" 3) . This suggests that a strong muscle response may occur in the case where the vibration is applied to the tendon with high pressure.
The AVR is a similar muscle activity during voluntary movement, and it correlates with the movement velocity when subjects reproduce movement illusion with their contralateral non-vibrated hand during vibration 12, 13) . As mentioned above, the subjects experienced movement 75 JPFSM : Kinesthetic illusion and motor responses during vibration sensations in the vibrated limb, despite the absence of TVR and AVR 17, 23) . Although low-level electromyographic (EMG) activity in the antagonistic muscle group during vibration and movement illusion were occasionally observed in some trials 17, 23) , the activities were not correlated with the experience of illusory kinesthetic sensation 23) . This suggests that movement illusion is susceptible to TVR and/or AVR, but that these muscular activities have no direct relationship with the illusory sensation.
Effect of visual information on movement illusion and motor responses
Roll et al. reported that if the subject observed the vibrated limb, reflex activity changed from AVR to TVR and illusory sensations disappeared 14) . This prompted investigation of the emergence of motor responses and kinesthetic sensation during vibration and their dependence on observation of the vibrated limb.
Subjects experienced larger displacements of vibrated limb position in the dark than in the presence of a small target light on the vibrated limb 24) . Visual information on the static 20) or moving 23, 25) limb would overpower kinesthetic sensations evoked by proprioceptive inputs during vibration, and kinesthetic sensations would be attenuated accordingly. Interestingly, Lackner 26) reported that, in a lighted room, subjects experienced a dissociation between the visual and proprioceptual location of their vibrated limb. For example, when the subject tried to fix a visible finger or hand, tendon vibration of the biceps muscle elicited a kinesthetic sensation of hand movement in association with illusory elbow flexion, even though the subject did not see movement. Although movement illusion often disappeared when subjects could see their vibrated limb 14) , kinesthetic sensations were not canceled out, but only modified by the integration of visual and proprioceptive information 20, 26) . Even when subjects could view their vibrated limb, they felt vivid movement sensations in the absence of notable EMG activities (TVR and AVR), correlated with the strength of the movement illusion 23) . Overall, visual information on the vibrated limb reduced the possibility of eliciting AVR. Movement illusions in the visible vibrated limb suggest that kinesthetic illusory sensations do not depend on the emergence of AVR.
Conclusion
Tendon vibration often elicits motor responses; however, kinesthetic illusion could be experienced without these motor responses if subjects relaxed their vibrated limb completely and focused their attention on the sensation of the vibrated limb alone.
In the study of movement illusion in the presence of TVR and AVR, illusory movement was often defined as the difference between the sensation and the actual limb movement or position [1] [2] [3] 5, [12] [13] [14] . On the other hand, in the absence of muscle activity, movement illusion was considered to be a purer sensory perception that had no involvement with the actual movement and motor response. Such subtle differences in the phenomenon of kinesthetic illusion between reports may affect the interpretation of data and comparison with the results of other researchers. For example, the difference between reports 17, 19, [27] [28] [29] [30] investigating the cortical areas taking part in movement illusion seems to be caused by the differences in the phenomenon of kinesthetic illusion. De Lafuente and Romo indicated that "to study kinesthesia, what is required is an experimental paradigm that allows the neuronal activity associated with this phenomenon to be isolated from the neuronal activity of other processes that naturally occur simultaneously with it" 31) . Movement illusion in the absence of muscle activity will be useful in studying the sensory process and perceptual characteristics of kinesthesia.
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